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The research performed under this contract during the period 1 Oct. 1978
through 31 March 1979 can be divided into three main topics, upper mantle
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In Section ¥f, we discuss the upper mantle structure of northwestern Eurasia
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‘to derive a compressional wave velocity model for the upper mantle beneath north

west Eurasfa. The waveforms were modeled using generalized ray theory and a
starting model was perturbed by trial and error until a fit was achieved. The
sefsmograms from 9-13° exhibit impulsive first arrivals (P,), implying a smooth,

positive velocity gradient between depths of o0 and 150 km, A consistent pulsd

arriving about 2 seconds after P, at the ranges 11 to 17° is modeled by y
positioning a low velocity zone between 150 and 200 km. The P, phase becomes
diffracted beyond 15% although there is considerable evidence of lateral
variation at where this geometric cut-off occurs. The model is relatively
smooth from a depth of 290 km down to 420 km where a 5% jump in velocity
produces a triplication from 15 to 23°. The observations from 21 to 26°
clearly show another discontinuity at a depth of 675 km with a 4% change in
velocity

™ In Section 3, glorified optics has been used to compare the waveform
complications caused by two and three dimensional structures. A scheme is
developed to synthesize seismic images, in which the direct rays give a
preliminary feature of a structure, while the multiple boundes provide
further information for improving and refining the model. A method is
discussed for inverting non-stratified structures like sedimentary basins and
subduction plates.

*In Section 4, we consider the problem of reflection and refraction of
purely compressional waves incident on an interface separating identical solid
half-spaces in which the condition of continuity of shear displacement at the
boundary i{s generalized to one that allows slippage. The problem is solved
using the Cagniard-de Hoop technique. It is found at the generation of
reflected P and S5 waves, as well as transmitted S wavks, is most effective
in the case of a perfectly unbounded half-space. We discuss the implications
of this model for the gencration of S waves by block mdvement in the vicinity
of an underground explosion.
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I. SUMMARY

The research performed under this contract during the period
1 October 1978 through 31 March 1979 can be divided into three main
topics, upper mantle studies, propagational distortions caused by
non-planar structure and S-wave generation by block movements near
explosions.

In Section II, we discuss the upper mantle structure of north-
western Eurasia where long- and short-period WWSS seismograms from
nuclear explosions in the Soviet Union have been incorporated with
published apparent velocity data to derive a compressional wave
velocity model for the upper mantle beneath northwest Eurasia.

The waveforms were modeled using generalized ray theory and a starting
model was perturbed by trial and error until a fit was achieved. The
seismograms from 9 to 13° exhibit impulsive first arrivals (Pn),
implying a smooth, positive velocity gradient between depths of 60

and 150 km. A consistent pulse arriving about 2 seconds after Pn

at the ranges 11 to 17° is modeled by positioning a low velocity

zone between 150 and 200 km. The Pn phase becomes diffracted beyond
15° although there is considerable evidence of lateral variation at where
this geometric cut-off occurs. The model is relatively smooth from

a depth of 200 km down to 420 km where a 5% jump in velocity produces

a triplication from 15 to 23°. The observations from 21 to 26° clearly
show another discontinuity at a depth of 675 km with a 4% change in
velocity.

In Section III, glorified optics has been used to compare the

waveform complications caused by two and three dimensional structures.
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A scheme 1is developed to synthesize seismic images, in which the
direct rays give a preliminary feature of a structure, while the multiple

bounces provide further information fir improving and refining the

model. A method is discussed for inverting non-stratified structures
like sedimentary basins and subduction plates.

In Section IV, we consider the problem of reflection and
refraction of purely compressional waves incident on an interface
separating identical solid half-spaces in which the condition of
continuity of shear displacement at the boundary is generalized to one
that allows slippage. The problem is solved using the Cagniard-de Hoop
technique. It is found that the generation of reflected P and S waves,
as well as transmitted S waves, is most effective in the case of a
perfectly unbounded half-space. We discuss the implications of this
model for the generation of S waves by block movement in the vicinity

of an underground explosion.




I1. UPPER MANTLE STRUCTURE OF NORTHWESTERN EURASIA
J. W. Given and D. V. Helmberger

1. INTRODUCTION

There is considerable interest in structure of the upper mantle with
respect to the current problems in geodynamics. Although there seems to
be broad agreement on the major structural features of the mantle, the
various models proposed vary significantly in detail. Important questions
yet to be resolved are: (1) how deep are the so-called "400" and "600"
km discontinuities; (2) how large are the velocity jumps; (3) how deep
in the mantle do velocity variations exist; and (4) how well do these
variations correlate with other plate properties.

To answer these difficult seismological questions requires more model
resolution than generally provided by the classical methods, namely travel
times and a sparse set of (dT/dA) measurements, see Wiggins [1969]. Some of
the ambiguity of earth models determined by classical means can be
eliminated by the use of short-period synthetic seismograms. Comparing
the relative amplitudes of observed short-period multiple arrivals to
synthetics allows a better determination of triplication points as
discussed by Helmberger and Wiggins [1971]. Several regionalized models
for the western North American continent have been obtained using this
approach, see Wiggins and Helmberger [1973] and Dey-Sarker and Wiggins [1976].
Unfortunately, short-period seismograms suffer from waveform instability
in that neighboring stations in many situations do not produce similar
pulses. On the other hand, long-period body wave studies indicate that
waveshapes recorded on the long-period World-Wide Standard Seismograph
Network (WWSSN) are remarkably coherent, see Burdick and Helmberger [1978]
and Helmberger and Burdick [1979]. Thus, an acceptable model must yield
synthetics which agree with the observed travel times, the dT/dA measurements,

the relative timing and amplitudes of short-period pulses, and the long-




period waveshapes. Accurate determinations of the earth's Green's
functions, or the broad-band step responses used in this synthetic modeling,
for various regions would be very useful in quantitatively answering the
questions posed above. To this end, a data-set compiled from Soviet
explosions was used to obtain an upper-mantle model which will be used as

a reference model {n comparing other regions.

There have been a relatively large number of nuclear explosions in
western Russia since the deployment of the WWSSN. Many of these eveuts
were well recorded in northem Europe at triplication ranges, see Fig. 1.

One particularly appealing feature of this data set is the apparent

absence of a shadow zone near 9° that is common in regions of western

United States, see Romney et al. [1962] and Helmberger [1973b]. A typical
seismogram at 9° produced by a N.Z. event is displayed in Fig. 2. Note the
sharp P and S phases with little signs of any differential attenuation.

This feature {s most easily explained by restricting the propagation path

to be entirely in the lichosphere. Thus, we have the prospect of determining
a complete model whereas in previous studies, the serious nonuniqueness caused
by the low velocity zone, (LVZ) made the absolute depths of the upper mantle
discontinuities difficult to resolve.

In addition, the NORSAR array is favorably located to measure the
apparent velocity of the different phases in the P-wavetrain, and, thus, measure
(dT/dA). Several recent {nvestigators, King and Calcagnite [1976], Masse
and Alexander [1974), and others, have used these measurements to study the
upper mantle. We incorporated their apparent velocity information into our
study by adopting KCA, the model proposed by King and Calcagnile [1976], as
our starting model. The initial model was modified as required by the waveform

data but the dT/dA curve was perturbed as little as possible.




II. SYNTHETIC SEISMOGRAMS FOR EXPLOSIVE SOURCES

The computational procedure used in generating synthetics is well
established, namely one assumes that a synthetic can be represented by

a series of linear operators:
y(t) = s(O)*m ()* a(t)* r(o)* 1(t).

s(t) represents the source; m(t), the mantle response; a(t) an attenuation
operator; r(t) isthe receiver structure; and 1(t) is the instrument.

We calculate the source time function by the procedure discussed in
Burdick and Helmberger {1979). The time function parameterization is
teken from Von Seggern and Blandford [1972). The far-field time function is

written

d -kt

s(0) = v & (1-e™F (me-Bkn?) HO* c(D)

where Yo is an amplitude factor, C(t) is an operator representing the
effects of the free surface, and B and k are adjustable parameters controlling
the shape of the time function.

The parameter B controls the tradeoff between an impulsive and step-
like time function. A larger value of B means that the source is more
step~like, a smaller value of B indicates a more impulsive time function.
In larger nuclear explosions (i.e., for modeling long-period seismograms)
we found that B = 6 was an appropriate value to adequately reproduce the
teleseismic observations. For smaller explosions and short-period
seismograms a value of B = 2 was found to be suitable.

The parameter k is used to adjust pulse width and rise time. Larger
explosions are modeled by assuming k = 3, small explosions are modeled by

taking k = 5.




The parameters B and k trade off with the operator C(t) which models
the effects of the free surface. The shallow source depth causes the
negative reflection from the free surface to filter out the low frequencies
in the timefunction mimicking the effect of both B and k. We found that
P-pP delays of 0.9 sec for large events and 0.6 sec for small events were
appropriate for our purposes. The reflection coefficient at the free surface
was taken to be -0.8. As we calculate synthetics for different ranges, the
trade off angle of P and pP change. As a result the pP-P delay and the
free surface reflection coefficient vary with the distance to the receiver.
We have found that the change in take-off angle has a small effect on the

waveforms, not significant in view of the other uncertainties in the source

operator. The operator C(t) also includes the crustal response at the source.

Anomalously large S waves (as in Fig. 2), observable out to 15° suggest
that there may be some crustal contamination in sources at Novaya Zemlya.
We could find no evidence in the long-period P waves for any large distortion
due to source structure so the effect has been ignored. In short-period
seismograms source structure is important and causes a significant amount
of noise which is difficult to interpret. However an uncertainty has been
introduced which should be considered in the interpretation.

At ranges where the arrivals from the upper mantle are separated
in time, the uncertainties due to the source function are minimal. At ranges
where the arrivals from the upper mantle interfere, the errors in the
source function can strongly affect the synthetics. Of particular difficulty
are secondary p-wave arrivals which interfere with the second upswing of
the first arrival. We tested the different sources to check the validity of
our conclusions in these situations.

The effect of anelasticity are approximated by a Futterman attenuation
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operator [Futterman, 1962; Carpenter, 1966] with T/Q = 1 for all ranges.

Kennett [1975] has pointed out the errors introduced by this approximation
when low Q zones are present in the upper mantle. The assumption was
reevaluated by Burdick and Helmberger [1978] and they concluded that the
relative amplitudes (waveforms) were not affected significantly. We

do not have a data set which can be used to constrain Q so we will follow
the technique used by Burdick and Helmberger [1978].

The receiver operator models the effect of locating the receiver
on the free surface and the effect of crustal structure beneath the
receiver. The scale of the inhomogeneities in the crust are often small
enough to be ignored on the long-period seismograms, see Burdick and
Langston [1977]. However, crustal structure is probably the most important
factor contributing to the inconsistency observed in short-period body
waves as can be surmised by examining the horizontal components of motion
of complicated P-waveforms.

The other operators have been fixed so that we may investigate the
operator m(t), the upper mantle response. The earth is assumed to be
laterally homogeneous, and the radial velocity structure is approximated
by layers of constant velocity. An earth flattening transformation
approximates the spherical earth by a plane layered medium. The Green's
function is approximated by summing a finite number of generalized rays,
the individual ray response is calculated using a Cagniard-de Hoop
algorithm [see Helmberger, 1973a for details]. To maximize computations
the ray sum is truncated after including all of the primaries for a time
period. In ranges where diffraction is important, in shadow zones and off
the ends of triplications, multiple reflections were added to test the

convergence of ray sum. The accuracy and limitation of this technique is




discussed by Burdick and Orcutt [1979] and will not be reviewed here in
the interest of brevity.

At the ranges and for the structures we will be considering, the
phase PP is an {mportant consideration. An anomalous later phase can be
{dentified at several stations 12 to 15 sec after the first arrival which
we tentatively identified as PP. Preliminary synthetic models of PP
indicate that this phase could be large depending on the internal

reflections at the surface near the halfway point.

I11. DETAILED MODEL DETERMINATION
We will begin this section by presenting our results, namely model K8,

followed by a comparison of (dT/dA) measurements and travel times with the

model predictions. Next, we will give a detailed comparison of the

waveform data with synthetics generated from K8.

The starting model KCA and model K8 are shown in Fig. 3 and their
corresponding (dT/dd) values displayed in Fig. 4. There are two important
differences between the models. One is the low velocity zone at 150 km
depth in K8. The other is the steep positive velocity gradient between
300 and 400 km in K8 where KCA has a very small gradient.

Travel time curves for the two models are compared in Fig. 5.

Plotted with the calculated curves are readings from the ISC for the nuclear
explosions in Novaya Zemlya during the period 1966-1974.

However, the inconsistency of observed PP from station to station makes
this phase difficult to use as a model discriminant. Upon examination
of this figure it should be noted that KCA predicts the travel times at
ranges 18 to 22° and 23 to 25° better than K8 although diffracted arrivals

tend to prolong the A branch out to at least 18°. Furthermore there appears
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to be scattered energy arriving between the Ad and Bd arrivals

which can be attributed to high frequency scattering phenomena. It is
plausible that diffraction and scattering can extend the Ad branch as
far out as 20° making the K8 model more consistent with the data.

The deviation of K8 from the data at around 23° is harder to
justify. 1In this case, we fit the waveform data at the expense of the
travel times. It is possible that the discrepancy is indicating that our
model is too simple but the data set is not extensive enough to resolve this

question.

Crustal structure (0 to 40 km)

The crustal structure of model K8 was taken from KCA which assumed
a single 40 km layer with velocity of 6.4 km/sec. This structure was
derived from a synthesis of published data by Der and Landisman [1972].
The vertical travel time is consistent with the three layer model derived
by Masse and Alexander [1974] and is slightly shorter than the more
recently propesed model by Vinnik et al. [1978]. There is undoubtedly
some lateral variation off the edges of the east Europeanr platform that
are larger than the differences between these models and we should expect
to see at least a second of scatter in travel times at triplication distances,
see Vinnik et al. [1978]). Since the details of the crustal layering has
little effect on the synthetic P-waveshapes beyond 9°, we felt justified

in choosing the simplest model available.

Lid and Low Velocity Zone (40 to 300 km)

The profiles of long- and short-period observations which were used
to interpret the upper 300 km are shown in Fig. 6. The long period data
is exclusively from Novaya Zemlya sources, the short-period observations

are from Novaya Zemlya and other, smaller explosions to the south. The




10

closest roadable short-perlod data are at 14.5°. Because of the normal

ditferences (n galn settings, we were unable to obtain simul taneous

recordings of any one event. However, the multiplicity of both large
and small explosfons at Novaya Zemlya corroborated our observations of
the (mportant features in the data.

The P-waves from 9 to 11.4° are relatively simple pulses suggesting
that the propagation path {s smoothly varying. The large, later phase at
KBS, 11 sec after the first arrival, 18 most easily explained by PP; however,
ft {s anomalously large at this particular station and it does not

appear in most of the other observations.

Beyond 13.3° the waveforms begin to show more complexity, the long-
and short-period setsmograms showing consistent teatures which are

interpreted as upper mantle structure. The most obvious feature on these

records {s the onset of the CD branch, the reflection from the 400 km
discontinuity. Beyond 15° this phase dominates both the long- and short-

period selsmograms. Another consistent observation is the small long-

period first arrival at 14.5° which grows weaker with distance, becoming |

almost unobservable on the selsmogram {n Fig. 6. A second phase become:

apparent on the long-period data at UME 2-3 sec after the firast arrival.
This second phase {8 also conalstently verified on the short-period
seismograms although it is of a varlable nature. The onset of the second
arrival, and the dramatic decay of the amplitude of the first arrival {s
cructal to the argument for the existence of a low velocity zone near
200 km.

We perturbed the {nit{al model KCA, to fit the long-period records at
UME and NUR beyond 15° while trying to preserve the simple nature of the

wavetorms at the nearer ranges. Our best effort at matching the long-
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period features (s displayed {n Fig. 7 where we have included the synthetics
for model KCA for comparison. As mentioned earlier the convolution of
the source fumction given {n the right-hand comer with the derivative of
the step responses yvield the aynthetics. Note that by including the LVZ
we were able to produce the double arrival with the proper decay of
the initial arrival, P(Ad) with range.
The corresponding short-period synthetics ave displayed {n Fig. 8.
The relative timing of the phases {n the syntheti{cs are consistent with the

data as well as some of the relat{ive amplitudes.

The sefsmograms used in modeling the tranaltion region are particularly
interesting as can be surmised by noting the intersections of the
triplication plots in Fig. 5.

As {n the previous section, we relied heavily on the long-period
waveform data {n determining the branch positions and the resulting model.
The synthetics and representative waveforms for these ranges are
diaplayed in Fig. 9. The observed waveforms are somewhat variable in
quality. For {ustance, the KON (21.1%) obaervation is the only selsmogram
at that range from an explosion at the southern Novava Zemlya s{te and i{s a
weak recording. On the other hand, KON (21.9%) {s from the northern
s{te where large shots were abundant, some examples are given in Fig. 10
where events 1 and 2 are the same events plctured {n F{g. 7. Thus, we
consfdered this waveform as particularly worthwhile to model. The same
situation occurs for the COP (24.6°) observation. In general, these
waveforms are extremely difficult to model using a trial and error inversion

technique because each record {a essentially an {nterference phenomenon where




small changes in the source, see Fig. 10, or model, see step responses, can J

drastically alter the waveform.

One of the principle differences between K8 and KCA is the gradient

!

above the 400 km discontinuity. Part of the difference is due to the low

velocity zone which changes the bottoming depth of rays from above 420
km. To predict correctly the relative arrival times we increased the
gradients between 300 and 4-0 km and reduced the size of the 400 km

4 | discontinuity. With these changes we were able to model the interference

at 21.9° and the cut-off of the long-period AB branch. At 21.1° the

relative arrival times of the phases predicted by K8 fit better than those
calculated for KCA. However there is gome mismatch in the relative
amplitudes with the arrival from above the 420 km discontinuity being

too large. The choice of velocity gradient below 270 km depends crucially

on how we modeled the low velocity zone. Any errors in determining the

model or any lateral heterogeneity in the upper 250 km will seriously

affect our inversion for the structure between 280 and 400 km. The

uncertainties in K8 are probably greatest in this depth range.

The evidence for a discontinuity at 675 km is clear in King and

Calcagnile's array data and in our long- and short-period observations,

The reflection is first evident at KON, 21.1°, and forms a clear distinct pulse
at 23.3° (COP) where the E-F phase is the second pulse. At 25.1° AKU, the

E-F arrival is first and the shoulder on the waveform is interpreted to

be the C-D phase moving back. The best data showing the position of D on

the E-D branch is displayed in Fig. 11 where the observations obtained from

the Semipalatinsk test site are compard with synthetics. Due to

fortuitous instrument setting near 26° we were able to obtain short- and

long-period responses for the same explosions. The waveforms appear to be
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of excellent quality and are reproducible for many events. A careful
examination of the short-period responses at this particular station
indicates that it is relatively transparent as judged from azimuthal
and horizontal motion tests [see Hélmberger and Wiggins, 1971 for

a more detailed description]. For this reason, we have spent much
effort in modeling these short- and long-period observations as closely
as possible. The main consequence of these efforts is the increased
velocity gradient between 670 and 750 km, see Fig. 2, which increases
the amplitude of the first arrival. Such a feature is also consistent
with the long-period observations at AKU (25.1°). At still larger
ranges, we see no compelling evidence of either the (ED) or (AB)

branch although the short-period observations are somewhat perplexing
with respect to the latter branch, see Figs. 12 and 13.

If we restrict our attention to only NZ events we see relatively
simple seismograms beyond 27° which are in agreement with our model.
On the other hand, Kazakh events tend to show a major secondary arrival
out to larger ranges (labeled by an arrow in Figs. 12 and 13). Since
King and Calcagnite [1976] used mostly Kazakh events we can see why
their AB branch extends to larger ranges. This feature in the
synthetics for their model is the result of the low gradient above
420 km. Thus, this difference in data suggests lateral variations
in velocity as deep as 400 km with respect to northern and southern
Eurasia. The difficulties with this interpretation are that events
from Semipalatinsk do not show this feature, see Fig. 11, and that
many Kazakh events do not show this branch, for example see KEV (10)
and STU (16). It should also be noted that the onset of the AB branch

becomes less impulsive with distance and looks more like the onset of
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the AB branch becomes less impulsive with distance and looks more like

the onset of a wavetrain, see Figs. 2k-2m of King and Calcagnite (1976].

Perhaps, this phenomenon could be caused by multipathing due to
small scale irregularities. It would be particularly interesting to
obtain some long-period seismograms that sample this region so that a

comparison similar to Fig. 14 could be made.

IV. DISCUSSION

It 1s interesting to compare model K8 with models proposed for
western United States (WUS), see Fig. 15, where the same basic modeling
techniques were applied. Models HWA and HWB were derived from the
(dT/dA) measurements [Johnson, 1967], the travel times from the NTS
explosions and short-period waveform data as discussed earlier. The
travel times and (§t) separations between the triplication arrivals
for HWB and HWA are substantially different between 13 and 19°, where
the first arrivals appropriate for the HWA region is from 3 to 6 sec
later than for HWB. Model T/ was constructed to fit the HWA data set
as well as the long-period waveforms obtained from a series of well-
studied earthquakes. On the other hand, the travel times and (8t)'s
for the model HWB are compatible with those predicted by K8. Furthermore,
a comparison of the short-period seismograms displayed in Fig. 6 are

quite similar to the short-period profile presented by Helmberger and

Wiggins [1971], Fig. 2. At ranges beyond 20°, the distinction
between the regionalization HWA and HWB disappears and there appears

to be little evidence of lateral velocity variations below 300 km.

Note that T7 and K8 are remarkably similar in structure below this

depth. The slipht off-sets In discontinuities reflect the 1id and LVZ

disparity which is worth a brief review. ’
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The upper 200 km of T7 was constructed to fit the average travel
times and amplitude properties of WUS where there appears to be an
effective shadow zone along some profiles, see Helmberger [1973b]. This
effect can be caused by a LVZ as in T7 but it could be caused by lateral
changes in velocity when crossing the various structural provinces,
for instance see York and Helmberger [1973]. Thus, the basic vertical
structure of HWA or K8 may be appropriate for some portions of
northern WUS and the known short-period amplitude pattern caused by
horizon change in structure. Small changes in the velocity structure
of the Lid and LVZ can make a dramatic change in synthetic seismograms
at the near-in distances of 8 to 19° as can be seen by the following
case study.

In collecting a data set of seismograms one invariably finds
an odd observation which appears incompatible in travel time and wave-
shape with the others, such is the case with the NUR record displayed
in Fig. 16. NUR is a recording of a southern Novaya Zemlya event
whereas UME was produced by a northern Novaya Zemlya event, see Fig. 1.
As with nearly all of the long-period observations, the NUR record is
duplicated for two different events so that an unusual source function
does not appear to be a likely explanation for the difference in waveforms.
Explaining this record in terms of a perturbation of model K8 proved
to be quite easy and enlightening. By slowing the first arrival by
about 1 sec relative to the reflection from below the low velocity zone
and the 420 km discontinuity, we can reproduce the relative timing of
the seismograms. The result is model K8' shown in Fig. 16. Note
that we have also slightly decreased the depth to the low velocity zone.

Another characteristic of the model is that a critically reflected
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arrival now comes from below the low velocity zone; {.e., the shadow
zone ends at 15° rather than 19°. This feature substantially increases
the amplitude of the second arrival relative to the C-D reflection.

We conclude that the upper mantle in northwestern Eurasia is some-
what variable. Model K8 may average over variations as large as
those between K8 and KBQ so that the detalled features of K8 may be
considered to be exemplary. The trade-offs involved in modeling low
velocity zones are well known, see Dowling and Nuttli [1964], Helmberger
[1973b]. To more fully constrain the features of a low velocity zone
we need to incorporate longer period data from earthquake sources.
Fig. 18 complements Figs. '6 and 17 by comparing long-period and short-
period synthetics for K8 and Kaé. The long-period seismograms are from

an earthquake source appropriate for the March 23, 1978 Bermuda event

(Gordon Stewart, work in progress). The long-period seismograms are

very similar, hence their usefulness in constraining the overall

features of the model such as the average gradients and the sizes of
discontinuities. The short-period data are more sensitive to small scale

details. The need to consider broad-band information, long- and short-

period waveshapes as well as dT/dA and travel time data, is obvious from
this series of figures. |

The major new feature {n model K8 is the low velocity zone and it
is based on the long- and short-period observations between 9 and 18°.

It i{s not possible to completely rule out a simple discontinuity at 220

km depth as has been suggested by lehmann [1964, 1967) for the U.S.
|
Several models including such a feature were tested but none were found !
|
that fit the data as well as KB, Such a model would be required to 1

have a nearlyv constant velocity over substantial region of the upper 40Q
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km. In addition, a different Q structure than implied in this study P

would be necessary to predict the correct amplitude behavior of
the travel time branches. As our knowledge of the velocity and
Q structure of the earth increases the data i{s, of course, subject

to reinterpretation under other working hypotheses.

It is unfortunate that we do not have a very dense coverage

of long-period receivers at distances of 19-25°. The high frequency
explosion source would have been ideal for elucidating any additional
structure between the two major discontinuities. Models HWB, SMAK
[Simpson et al., 1976], and ARC-TR [Fukao, 1977] all have an
inflection in the velocity structure at about 550 km. Burdick
and Helmberger [1978] have pointed out the difficulties in observing
this feature: the short-period data have too much resolving power,
the long-period earthquake data have too little. We found no
direct evidence to justify including such a feature; however, considering
the discrepancies in the observed and predicted waveforms, the structure
between the two discontinutieis remains somewhat uncertain.

In summary, we have incorporated the long-period and short-period
waveforms data with travel time and apparent velocity measurements to
derive the model K8 (Table 2) for Northwest Eurasia. The significant

features of the model are:

(1) A low velocity zone between depths of 150 and 200 km;

(2) A 4.5% velocity increase at 420 km depth;

(3) A large velocity gradient between 420 and 675 km;

(4) A 4% velocity increase at 675 km depth.
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Model K8 {s similar to model T7 proposed recently for the Western
United States; however, without a detailed determination of the
uppermost velocity structure, any discussion of lateral heterogeneity

is premature.
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Table 2. Velocity Model K8. Depths Are to Top of Layer

E Velocity Depth Velocity Depth Velocity Depth Velocity Depth
6.39 0 8.392 250 9.572 496 10.955 749
! 6.40 1 8.419 260 9.583 506 10.998 759
F 8.170 40 8.445 270 9.624 517 11.040 770
8.187 50 8.478 280 9.667 528 11.061 783
u 8.205 60 8.511 290 9.708 539 11.083 796
8.222 70 8.545 300 9.750 550 11.105 808
8.239 80 8.578 310 9.792 560 FLCE270 80 ]
8.256 90 8.612 320 9.834 570 11.148 834
8.274 100 8.645 330 9.876 580 11.170 847
8.291 110 8.678 340 9.818 590 11.192 859
8.308 120 8.712 350 9.960 604 11.213 8722
8.325 130 8.745 360 10.003 610 11.235 885
8.343 140 8.764 370 10.045 620 11.256 898
8.250 150 8.783 380 10.090 631 11.278 911
8.180 155 8.803 391 10.135 641 11.300 923
8.050 160 8.822 400 10.180 653 11.321 936
8.040 170 8.841 410 10.225 664 11.343 949 E
8.150 180 9.24 420 10.660 675 11.365 962 %
8.270 190 9.292 431 10.702 686 11.385 974 |
8.287 200 9.333 442 10.744 696 11.408 987 {
8.305 210 9.315 &52 10.789 707 l
8.323 220 9.415 467 10.829 717 i
8.340 230 9.458 474 10.891 728

8.366 240 9.50 485 10.913 738 |
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Table 1. Nuclear Explosions

Event No. Date Hr:Min:Sec Lat E Lon N
1 08/28/72 5:59.57 73.30 55.1 Novaya Zemlya N
2 09/27/71 5:59.55 73.40 55.1 Novaya Zemlya N
3 11/02/74 4:59.57 70.80 53.91 Novaya Zemlya S
4 10/27/73 6:59.57 70.80 54.20 Novaya Zemlya S
5 09/12/73 6:59.54 73.30 55.20 Novaya Zemlya N
6 10/27/66 5:58.00 73.38 54.62 Novaya Zemlya S
7 07/10/71 17:00.00 64.2 54.77
8 11/08/68 10:02.05 73.40 54.90 Novaya Zemlya N
9 08/14/74 14:59.58 68.91 75.90
10 09/26/69 6:59.56 45.89 42.47 Kazakh E
11 08/20/72 2:59.58 49.46 48.18 Kazakh N
12 10/22/71 6:02.57 51.51 54.54
13 09/27/73 6:59.58 70.76 53.87 Novaya Zemlya S
14 07/01/68 4:02.02 47.92 47.95 Kazakh N
15 10/03/72 8:59.58 46.85 45.01 Kazakh E
16 12/22/71 6:39.56 47.87 48.22 Kazakh N
17 12/06/69 7:02.59 43.83 54.78 Kazakh W
18 12/12/71 7:00.57 43.85 54.77 Kazakh W
19 12/23/70 7:00.57 43.83 54 .85 Kazakh W
20 02/13/66 4:51.58 49,82 78.13 Semipalatinsk
21 07/23/73 1322.58 49.99 78.85 Semipalatinsk
22 12/18/66 4:57.58 49.93 173 Semipalatinsk
23 02/26/67 3:57.58 49.78 78.12 Semipalatinsk
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Figure Captions

Map indicating the locations of source events and WWSSN seismographs
used in this study. Information about the event numbers is given

in Table 1.

Long-period, vertical component seismogram, KEV from Novaya Zemlya
(8/28/72) recorded at A = 9.4°. The s-phase is much larger than

the p-phase and has virtually the same frequency content.

Model KCA and K8.

Comparison of the (dT/dA) measurements reported by King and

Calcagnite [1976] and K8 predictions.

Comparison of predicted travel time curve for K8 and KCA and
travel times of Novaya Zemlya explosions as reported by the ISC.
The letters on the K8 travel time plot label the branches for
further reference in the text. Solid lines indicate direct

ray theoretical arrivals, dashed lines indicate the prolongation

of certain branches by diffraction due to a low velocity zone.

Representative seismograms obtained from Novaya Zemlya explosions
displaying various arrivals. The lines are keyed to the triplication

plots given in Fig. 4. The number following the station label

indicates the event (Table 1) where 1 and 2 are from the northern site.

Comparison of synthetics with the long-period waveform data.

Short-period synthetics for KCA and K8 which can be compared with

the data {n Fig. 6.
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Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.
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Comparison of the observed waveforms with synthetics. The K8
synthetics were produced by a convolution of the source function

displayed in the right-hand corner with the derivative of the
step responses.

Comparison of synthetic (K8) with observations from various everits
at the Northern Novaya Zemlya test site indicating source

variability.

Observations at Tabriz, Iran from nuclear explsions in Semipalatinsk.

The data clearly show evidence for the 675 km discontinuity and the

position of the end of the C-D branch.

Theoretical seismograms from K8 fit the short-period seismograms as
well as KCA. The inconsistency of the records between 24 and 25°
should be noted. The large later phase indicated by the arrows is
similar to the arrival of King and Calcagnite [1976] interpreted

as the reflection from the 420 km discontinuity.

The figure compares theoretical and observed seismograms from 25
to 29°. Again note the occasional appearance of the reflection
from the 420 km discontinuity. This appears to be a regional
phenomena, observed only on sources in Kazakh and receivers in

Northwest Europe.

The figure shows the theoretical and observed seismograms of Novaya
Zemlya explosions recorded at STU. Model KCA still predicts a large
reflection from the 420 km discontinuity which is not evident in

the data.
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Figure

Figure

Figure

15.

16.

17.

16.

Comparison of model K8 with models HWA, HWB, and T7 derived from

WUS observations.

Seismograms from Northern Novaya Zemlya to UME and from Southern
Novaya Zemlya to NUR. These seismograms are along slightly
different azimuths. The difference can be explained by variation

in the velocity structure above 180 km (see Fig. 17).

Model K8' which was derived from K8 to explain the variation at

15.6°, see Fig. 16.

Short- and long-period synthetics for K8 and K8'. The long-period
source function is from the March 23, 1978 Bermuda earthquake

(G. Stewart, personal communication).
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ITI. TELESEISMIC PROSPECTING OF NON-STRATIFIED RECEIVER STRUCTURES
By Tai-Lin Hong

I. INTRODUCTION

Seismic prospecting is usually conducted in two ways. The first
is the method of zero-offset seismic sections. It is good for fine
anomalous structures like the petroleum reservoir but 1is subject to
shallow penetration and a narrow range of scope. The second is the
method of refraction profiles. It is good for structures whose inter-
faces are planar but not able to find curved anomalies.

In this paper another approach using teleseismic body waves as
sources is discussed. This approach has two merits. First, it can
sense the structures in the depth since the wave comes steeply. Second-
ly, since the incident wavefront is planar, the resultant wave forms in
the receiver structure have the minimum feature of dispersion; therefore,
the high-frequency approximations can be used to recover the informa-
tion contained in the wave forms.

As a matter of fact, this approach has been discussed for the
cases of planar structures by Burdick and Langston (1977) and Langston
(1977) among others. Therefore, this paper will stress on the structures

with curved boundaries.




11. THE PATH OF MULTIPLE BOUNCES IN THREE-DIMENSIONAL STRUCTURES

In a three-dimensional structure, a ray can be bent to a quite

different azimuthal direction after several bounces. This effect is

sensitive to the structure geometry as well as the incident direction
and results in various waveform distortions.

In this section we will i{llustrate this effect through several
cases in which the structures are of the type of a sedimentary basin
over a half-space. The S-velocity, P-velocity, and density of the
material in the basin are assumed to be 0.7 km/sec, 1 km/sec, and
2 g/cm’. Those in the half-space are assumed to be 3.5 km/sec, 5 km/sec
and 3.3 g/cmj.

The geometry of the interface can be expressed as

2 . -
z=d + % [1 - Cos L3 1l z w/2) J (Eq. 1)

where x, y, and z are the coordinates in a master frame, as shown in
in Fig. 1l-a.
c and d are the parameters related to the thickness of the basin
w is the parameter related to the width of the basin; it is a
function of x and y as follows

of 4 ol
A e e e
] - S
(1-A) x< + y*

.

The incident direction of the plane wave is expressed in terms of

the azimuth @0 and latitude 80 in the master frame as follows:

0= (vx, vy. vz) = (sineocos¢°, sineosin¢o. coseo).

For the convenience of the scanning procedure which will be illus-

trated In the next section, we need a scanning frame x'- y'-z'. A




reference point (xo, Yo? zo) is set somewhere below the receiver struc-

ture. The scanning frame is formed by translating the master frame to
(xo. Yoo zo) and rotating it by the azimuthal angle ¢0 and the latitude
angle 60. Therefore, the z'-axis is parallel to the incident direction
of the plane wave. Then, we pick an azimuthal direction in the scanning
frame to set up a baseline along which the scanning rays are sent from
the plane z'= 0.

In each of the following cases, we will send a group of rays of
S phase along the same baseline. These rays are transmitted into the

basin, reflected twice on the interface, and terminated on the surface.

Case 1
The parameters for the geometry of the interface are:
d= -~1km, ¢ = -5 kmnm, W, = 50 km, and A = 0.
The incident direction of the plane wave is:
00 = 0.2 radians, o 0.2 radians.

The scanning reference point (xo, Yor zo) is set at (0, 0, -20 km).

The scanning baseline is set at the azimuth 0° in the scanning frame.

Notice that the structure here is cylindrically symmetric. Since
this group of rays are sent on a plane which contains the axis of

symmetric, there is no azimuthal scattering, as shown in Fig. l-a.

Case 2
The structure and the incident direction of the plane wave are
exactly the same as those in Case 1.
The scanning reference point (xo, zo) is set at (-5 km, -5 km, -20 km).

The scanning baseline is set at the azimuth 0° in the scanning frame.

Now, this group of rays is no longer on a plane which contains the

axis of symmetry; therefore, these rays are scattered azimuthally as shown

i
|
|
|




in Fig. 1-b. We can see from the horizontal projection that the
sharpest bending of the scanning rays occurs when the rays are
transmitted into the basin, because of the large velocity contrast

at the interface.

Case 3
The structure is exactly the same as that in Case 1.
The incident direction of the plane wave is

oo = 1.5708 radian, 60 = (0.2 radian.

In other words, the plane wave is propagating upward along the
z-axis and forward along the y-axis.

The scanning reference point (xo, Yo zo) is set at (0, 0, -20 km).

The scanning baseline is set at the azimuth -1.5708 radian in the
scanning frame. From the horizontal projection, we can see that the rays,
advancing in the y-direction, are turning around after the transmission.
At the edge of the basin, the horizontal projections of the ray segments

in the basin are very short because of their steep paths.

Case 4

In this case, everything except the geometry of the interface is the
same as that in Case 1.

The parameters for the geometry of the interface are:

d = -1 km, ¢ = -5 km, v - 50 km, A = 0.5.

The contours of this interface are elliptical as shown in Fig. l-a.
Also, notice that the cross section of this basin on the plane y = 0 is

wider than those in the previous cases.
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III. THE SCANNING PROCEDURE

Because a multiple bounce often varies its azimuthal direction
along its path, it is not trivial to predict the starting azimuth for
a geometric ray leading to a given receiver location. A scanning
procedure is suggested. The trial rays are sent fn‘systematic ways to
find the approximate direction of a geometric path. Then, we can
take a fine tuning procedure to obtain the required accuracy.

In this section we will {llustrate the scanning procedure for a
case in which the structure is of the type of a two-dimensional
sedimentary basin over a half-space. The materials in the basin and
in the half-space are the same as those in the cases of Section II.
The analytical representation of the geometry of the interface is as

follows:

z=4d + % [1 - Cos ZﬂilL:;jdzl—] (Eq. 2)
w

where x, z are the cordinates shown
d and ¢ are the parameters related to the thickness of the basin

w is the parameter related to the width of the basin.

In this case, d, ¢, and w are assumed to be -1 km, -5 km, and
50 km, respectively.

The incident direction of the plane wave is:

00 = 1.5708, 8 = 0.31416 radians.

Notice that this plane wave {s propagating not only upward along
the z-axis but also forward along the y-axis. Therefore, although the structure
geometry is not varying along the y-axis, this incident direction makes

this problem actually a three-dimensional problem.

The scanning reference point (xu, Yoo zo) is set at (0, 0, =20 km).
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In Fig. 2 are shown the horizontal projections of eight groups of

scanning rays. They are plotted in Fig. 2-a through 2-h. The azimuth
angle of the baseline of each group in the scanning frame is -2.0416,

-1.7916, -1.5416, -1.0416, -0.3, -0.2, -0.1, O radians, respectively.

The scanning rays illustrated here are all in S mode. They are
transmitted into the basin, reflected four times on the interface, and
terminated on the surface.

In Fig. 2-a through 2-d, the patterns of azimuthal scattering are
similar. The projections of the ray segments in the half-space are
neatly lined up. The paths of the first ray segments in the basin are
very steep because of the large velocity contrast. Thus their hori-
zontal projections are very short. The ray segments in the layer tend
to propagate along the x-direction since the interface is curved along
that direction.

In Fig. 2-e through 2-g, we can see more clearly how these ray
segments in the basin are bouncing back and forth near the cental region
of the basin.

By tracking the location where each of these scanning rays ter-

minates, we can eventually find a ray tube containing the receiver for

the following procedure of fine tuning.




IV. WAVE FORM SYNTHESIS

The glorified optics (see Hong and Helmberger, 1978; and Hong,

1979) {s used to synthes{ze the wave forms. It {s a high frequency
approximation. The reflection-transmissfon effects are evaluated {n
every local frame formed by the normal and tangential plane to a
boundary. The spreading effects are evaluated globally through
{nfinftesimal ray tubes. The displacement, u, can be simply written

as follows:

N
- E‘:l { f(e - tn) Re (3) + fx(t - to) lillgﬂtﬁ}l‘ (Eq. 3)
=

where N is the total number of rays considered
t“ fs the traveling time ot each ray from the baseline to the
recefver
Sis the spreading effect
‘-.] includes the strength of the potentfial field of the incident
i plane wave, the reflection-transmission effect, and the
‘ recelver response
} f is the convolution ot the source time function and the {nstru-

ment response

f* {s the Hilbert transformation of t

For evaluating§, we send a cylindrical ray tube from the plane

z' = 0 in the scanning frame, we take the square root of the ratfo of {ts

cross section {n the halt-space to the projected cross section at the

recelver, and determine the 90Y phase shift by {nspecting the rotation
of the element rays ot the tube. The ray tube {s supposed to be

{ntinftestimal; the Himtting procedure 1s taken numerically.




o

For evaluatingJ, we tirst find the potentfal vector ¢ for the

fnctdent S wave or the scalav potential ¢ tor the {ncident P wave, and

| transter {t {n local trames to obtain the transmitted or reflected !

i potentfals.  The potential tield reaching the receiver (s converted
to the displacement tield.

A more detatled description of the gloritied optics for three-
dimensional problems can be tound fn Hong's (1979) paper.

The nature of wave-torm complication in some two-dimensional
structures has been discussed {n Hong and Helmberger's paper (1978).
Now, we like to see, trom a case of a two-dimensfonal structure to
a case of a three-dimensfonal structure, what kinds of further com-
plications can be added to the wave torms. Brietly speaking, they
can be attributed to two reasons. Flrst, there are move rvavs avrviving

from varfous azimuthal divections. This can be casi{ly conceived by

look{ng at Fig. 1. Secondly, the spreading eftect {s sensitive to the
curvature {n azimuthal divect{ons. To {llustrate this, we consider a
two-dimensfonal structure like that {n the case of Section 111 and a

three=dimensional structure like that {n Case 1 ot Section I1. In each

case we examine a ray tube surrounding the geometric path of a multiple

bounce which s transmitted {nto the basin, reflected three times on

the {nterface, and terminated at the recelver (10 km, 0, 0). The verti-
cal projections and hortzontal profectfons ot these ray tubes arve

almost fdentical.  But the hor{zontal projections show the ditterence. I

We notice that the rav tube in the three-dimensfonal structures is

twisted,  Such rayv tubes ot large size are just used tor the purpose of

{l1lustration.  For comput fng the spreading eftect, much tiner tubes

should be uaed., ‘




e |

In the remaining part of this section, we will synthesize and

compare the displacement wave forms for three groups of cases to show
i how much the wave forms can be sensitive to the azimuthal variation of

the geometry of a structure. Ricker's wavelets are used as f(t), {.e.,

£(t) = 3 Ga - lye™® (Eq. 4)

i where

)
RS L

I 2
(Tp )

In each of the following cases, we use two f(t)'s with Tp equal

to 18.3 sec and 3 sec, respectively. Notice that the difference between

the long period response and the short period response is mainly due

to the traveling time of each avrvri{val {ustead of the intrinsic frequen-
cy dependence. The latter is at most 907 phase shift in the high
frequency approximation.
1) Croup A

In this group we will compare the responses of a two-dimensional
and a three-dimensional structure to the same incident § plane wave.
The structures are of the type of a sedimentary basin over a half-space.
The material structure is the same as that described {n Section II. The

incident direction of the plane wave is assumed to be vertical. The

displacement field \l“ of the incident wave is assumed to be:
Q QO ) )
il | W u‘v, u;\ « (0, 1, 0).

Case 1
The structure {s two-dimensional. The representation form for the

geometry of the interface Is (Eq. 2) with the following parameters:
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d = -1 km, ¢ = -5 km, W, - 50 km.

Its cross section on the plane y = 0 and {ts contours are plotted in
Fig. 4. The receilver locatfon (x, y, z) is assumed to be (0., 0., Q.-

The scanning reference point (X ¥ zo) is set at (0, 0, -20 km).

The traveling time, N, and q of each arrival are listed in Table 1.

The displacement wave forms are plotted in Fig. S5-a.

Case 2

The structure i{s three-dimensional. The analytical representation

of the geometry of the interface {s of the following foru,

. v 2 % 9
z=d+35 [1- Cos Sxleth - 202 (Eq. 5) |
Y
where
al , 3
ey - BEXS |
S xTH(1-AY) 1

The parameters are assumed as follows:
d =-1 km, ¢ = =5 km, w. = 50 km, A = 0.5.
L

[ts cross section on the plane v = 0 and its contours are plotted in
Fig. 6. The receiver and the scanning reference point are the same as
those in the last case.

The traveling time, 8, and q of each arrival are listed i{in Table 2.
By comparing the rays No. 1 to 11 in Table 1 and those in Table 2, we
can see these ravs are taking the same geometric path {n the two struc-
tures, but their spreading effects are different. We can see the higher
concentratfons in the three-dimensional structure. Also, we notice that
in the three-dimensional structure there are more rays which are pro-

pagating on the plane x = 0, Those rays are listed in Table 2 as
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rays No. 12 to 17. However, their contribution to the wave-form distri-
bution is slight. The reason is that those rays are reflected as SV
waves in the local frames and thus lose more energy than if they were
local SH waves.

The displacement wave forms of this case are plotted in Fig. 5-b.
ii) Group B

In Case 2 of the last group, the rays No. 12 to No. 17 do not
contribute to the wave-form distortion significantly. Now, assume the
rays are in P mode; those rays will then become relatively important.
To make the problem simpler, we assume the materials are fluid. The
P-velocity and density are assumed to be 0.7 km/sec and 2 g/cm3 in
the basin and to be 3.5 km/sec and 3.3 g/cm3 in the half-space. The
plane wave is assumed to be vertically incident with the displacement
field X, as follows,

(o]

ul = (uO u

; u‘z’) = (0, 0, 1).

Here follow Case 3 and Case 4, corresponding to Case 1 and Case 2,
respectively.
Case 3
The structure geometry, the receiver location, and the scanning reference
point are the same as those in Case 1. The arriving time, $, and ?
are listed in Table 3. The displacement wave forms are plotted in
Fig. S5-c.
Case 4
The structure peometry, the receiver location, and the scanning reference

point are the same as those in Case 2. The traveling time,S , and q

are listed in Table 4. The displacement wave forms are plotted in Fig. 5-d.

PRI

Comae . e
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Now, we can see from Fig. 5~d that rays No. 12 and No. 13, which

are propagating on the plane x = 0, result in a large spike which does

not appear in Fig. 5-c.

1ii) Group C

In this group we will examine the response of a two-dimensional
structure to the plane waves incident in different azimuthal directions.
The structure used in this group is the same as that in Case 1 of this

section.

Case 5

The incident direction of the plane S wave is

¢ =0, 6 = 0.31416 radians.

o]

Its displacement field isu’=(uy, ul, uj) = (0, 1, 0).

Y

The receiver location (x, y, z) is set at (0, 0, 0).

The scanning reference point (xo, Yor zo) is set at (0, 0, -20 km).

Notice that the geometric ray paths are all on the plane y = 0.
The rays are all SH waves in local frames. The effects of the con-
centration and triplication are similar to those discussed in the
previous cases of two-dimensional structures. The traveling time, S,
and d of each arrival are listed in Table 5. The displacement wave

forms are plotted in Fig. 5-e.
Case 6
The incident direction of the plane S wave is

¢0 = 1.5708 radians, 00 = 0.31416 radians.
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The displacement field l]o of the incident wave is

O

o u;)) = (1, 0, 0).

(A O
u = (u , u
< X

The locations of the receiver and the scanning reference point
are the same as those in the last case.
Notice that the geometric ray paths are all on the plane x = 0.
The rays are all SH waves in local frames. There is no triplication
because the cross section of the structure on the plane x = 0 is flat.
However, the effects of concentration and phase shift, caused by the
i curvature of the interface, ave obviously showing up in Fig. 5-f. The

traveling time, N, and J of each arrival are listed in Table 6.

\
" i sabcbline o
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V. SEISMIC TMAGE OF A STRUCTURE PRODUCED BY AN INCIDENT PLANE WAVE

There are many parameters contributing to the wave-form distortion
in a receiver structure. It {s very difficult, if not impossible, to
resolve the effect caused by each of those parameters from the record
at a single station. However, if we are running a seismic array in a
receiver region, there could be enough constraints in the data to
uniquely conclude some features of the structure.

For this purpose we developed a scheme to simultaneously synthesize
the wave form at each station of an array. According to the horizontal
locations of those stations, the seismograms are lined up to simulate
the vertical cross sections of the receiver structures. Such an
assembly is called a synthesized seismic image of a structure.

Here we like to take some two-dimensional structures as examples
to show how efficiently the seismic images can characterize the sub-
surficial structures. These structures are of the type of a soft
layer over a half-space with a curved interface. The material struc-
ture in each example is assumed to be the same as that in the cases of
Section II. Also, we assume the incident direction of the plane wave
in each example is consistent with the two-dimensional feature of the
structure. In order to make the illustration simpler, we will consider

only the direct ray and the first two multiple bounces.

1) Example 1

The structure is the same as that in Case 1 of Section IV. The
direction and the displacement field u, of the incident plane S wave
are also the same as those in Case 1 of Section IV.

The receivers are distributed uniformly on the surface along the

x=axils with the interval of 1 km.




|
|
|
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The Ricker's wavelet with Tp equal to 3 sec (see Eq. 4) 1is used
as f(t).

In Fig. 7-a is shown the synthesized seismic image produced by
the vertically incident plane S wave. The part of the image produced by
the direct rays gives straightforward indications about the structure.
Suppose this image is a recorded one instead of a synthesized one; the
following procedure is suggested to invert the structure.

First, construct a primary structure model based on the part of the
image produced by direct rays, and make a synthesized image for this
model to compare with the observed image. The multiple bounces then
provide the clues for refining or modifying the current model. This

procedure is repeated until consistency is obtained.

ii) Example 2

The only difference between this example and the last example {is

the incident direction of the plane S wave, which is now,

The seismic image is plotted in Fig. 7-b. Because the incident
wave is slanting, the image of the structure is tilted as expected.
The characteristics of this image actually is very similar to that of
the last example. For instance, the triplication feature of the second

multiple in each case appears in a similar way.
iii) Example 3
The only difference between this example and the last example is

the geometry of the interface. In this example, the representation of

the interface is of the form of (Eq. 2) with the following parameters,

d =-6 km, ¢ = 5 km, w = S50 km.




Notice in this case that the layer is thin in the central part and
becomes thick and flat at the edges.

The seismic image is plotted in Fig. 7-c. By comparing Fig. 7-b
and 7-c, we can see the images, especially the parts produced by mul-
tiples, are strongly revealing the difference between the two struc-
tures. Their characteristic patterns are certainly clues for identi-

fying the features of the subsurficial geometry.

16
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VI. DISCUSSION AND CONCLUSIONS

In a receiver structure involving curved boundaries, the wave-
form complications are mainly due to the concentration and triplica-
tion of the multiple bounces. From the case of a one-dimensional
structure to the case of a two-dimensional structure, the variation
of the wave forms is very apparent. However, from the already com-
plicated case of a two-dimensional structure to the case of a three-
dimensional structure, the further complications are existing delicately
in the coda, as shown in Case 1 and 2 of Section IV. As we can see, it
is rather hard to make a starting model for inverting a 3-dimensional

structure if there is only a single station in the receiver region.

To practice the teleseismic prospecting efficiently, we need
seismic arrays. As shown in Section V, we have developed a scheme
to synthesize the seismic images, in which the direct rays associated
with multiple bounces can strongly characterize the subsurficial
features of the receiver structures. The scanning procedure costs
just about the same in the case of a single station and in the case
of one hundred stations. Of course, the fine tuning procedures cer-
tainly make the latter more expensive.

On the other hand, the accuracy is also depending on the fine
tuning procedures. However, this scheme is designed to allow the
sacrifice of accuracy in exchange for the computing cost. Actually,
the wave forms shown in Section V were synthesized with less accuracy
than those in Section IV.

There are some other inaccuracies related to the caustics and

the critical and post-critical reflections, since the glorified

17
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optics is basically a high-frequency approximation. By comparing
with the results of the finite element method, the accuracy is
still satisfactory even when the dominant period is as long as 20
sec (see Hong and Helmberger, 1978).

With the development of the glorified optics and the scheme
for synthesizing seismic images, with the plentiful earth quakes
and nuclear events, and with the ever expanding and improving seismic
array techniques, we believe the téleseismic prospecting is a
promising tackle to obtain the precise features of Structures like
sedimentary basins, salt domes, geosynclines, continental shelves,

subduction plates, anomalies on Moho, etc.
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FIGURE CAPTIONS

b Fig. 1 Each of the four cases in this figure shows the projections
! of the paths of multiple bounces which are started along a

k baseline with a given azimuth in the scanning frame. The

left column shows the projections on the plane y = 0. The

1.
right column shows the projections on the plane z = 0. The _
:
. dashed curves in the right column represent the contours of 5%
the interfaces. i}
1
b
Fig. 2 This figure shows the horizontal projections of eight groups i
i
of rays in a scanning procedure. Each group of rays is 1 %
started along a baseline with a given azimuth in the scanning £
3 -
L 4

frame.

o A SR

i

’ Fig. 3 This figure shows the projections of ray tubes in a two-

dimensional structure in (a) and (b), respectively. The

left column shows the projections on the plane y = 0. The

AT .

b right column shows the projections on the plane z = 0. The

dashed curves in the right column represent the contours of

the interfaces.

Fig. 4 This figure shows the geometry of a structure of the type of

a two-dimensional basin over a half-space. The left plot is

e Rt

its cross section on the plane y = 0. The shorter dashed ir

curves in the right plot represent the contours of the inter-

face, which is infinitely long in the y-direction.




Fig. S
Fig. 6
Fig. 7

This figure shows the displacement wave forms for the cases in
Section IV. The left column shows the longer period response.
The right column shows the shorter period response. The

letters x, v, z are indicating which components they are.

This figure shows the geometry of a structure of the type

of a three-dimensional basin over a half-space. The left plot
is its cross section on the plane y = 0. The shorter dashed
curves in the right plot represent the contours of the inter-

face.

The synthesized seismic image for the examples in Section V.

20
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TABLE CAPTIONS

Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

The arriving time (T), the spreading effect (S), and the
reflection-transmission effect (J) of each arrival in
Case 1 of Section IV. The number of segments along the

geometric path of an arrival is indicated in the second

column. The mode of each arrival i{s also indicated there.

Notice, the P-S converted phases are not considered here.

The arriving time (T), the spreading effect (S), and the
reflection-transmission effect C]) of each arrival in

Case 2 of Section 1IV.

The arriving time (T), the spreading effect (S), and the
reflection-transmission effect (J) of each arrival in

Case 3 of Section IV.

The arriving time (T), the spreading effect (§), and the
reflection-transmission effect (J) of each arrival in

Case 4 of Section 1V.

The arriving time (T), the spreading effect (S§), and the
reflection transmission effect (J) of each arrival in

Case 5 of Section 1V.

The arviving time (T), the spreading effect (§), and the

reflection-transmission effect (g) of each arrival in

Case 6 of Section 1IV.
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\ IV. SLIPPING INTERFACES: A POSSIBLE SOURCE
‘ OF S RADIATION FROM EXPLOSIVE SOURCES

By Carlos Salvado and Bernard Minster

Introduction:

R

Considerable effort has been devoted to the understanding of SH

radiation from underground explosive sources. A variety of possible mechanisms
have been proposed, as reviewed by Aki and Tsai (1972). They include (1)

mode conversion at irregular interfaces (e.g., Aki and Larner, 1970), (2)

cracking in the vicinity of the shot point (e.g., Kisslinger et al., 1961),
(3) prestress relaxation associated with the creation of the cavity (e.g.,
Archambeau, 1972, 1973) and (4) triggering of an actual earthquake with large
scale faulting, a model favored by Aki and Tsai (1972).

It is likely that a combination of these mechanisms acts to produce the
observed SH and Love wave radiation from underground explosions. The relative
contributions of various mechanisms will of course depend on local characteristics

of the site. Nevertheless, it may be noted that the two last mechanisms listed

above involve the release of strain energy stored in the medium prior to the
experiment, and therefore require the presence of sufficient prestress. Oun the
! other hand, the two first mechanisms can operate even in the absence of
significant {initfial stress, as evidenced by the observations of Kisslinger et al.
(1961). These authors observed SH radiation generated by small scale explosions
E detonated in mud, and suggested that near source cracking was the most likely
i cause of shear wave radiation.

In order to better understand the influence of site characteristics and
prestress on SH and Love wave generation, an improved assessment of the phenomena
: which do not require prestress is needed. Cracking and block motions in the

vicinity of explosions fall in this category,; a roview of these problems

is provided by Bache and Lambert (1976).

The purpose of this paper is to demonstrate that the presence of impeifectly




i1

bonded interfaces and joints near a purely dilational source could account for
far field transverse components of displacement, and thus with a suitable
geometry, for SH and Love wave radiation (e.g., Salvado and Minster, 1977).

The problem is greatly simplified because we restrict ourselves to linear boundary
conditions, and solve the problem in the far-field, first-motion approximation.

It appears that if the bonding is sufficiently weak, and if the geometry is
favorable, at least a portion of the observed shear radiation could be

explained by this mechanism.




1. Statement of the Problem, and Boundary Conditions

Consider the simple geometry depicted on Figure 1: a purely dilatational
point source is located at a height h above the plane interface between two
elastic half spaces. To simplify the problem, we restrict our attention to
the case when the two half spaces are identical. The boundary conditions
usually adopted in seismology involve continuity of tractions and displacements,
and in this case, the problem reduces to that of a point source in an infinite
space.

We shall now relax the boundary conditions, and request continuity of tractions
and of normal displacement but allow a jump in the tangentional displacement
In other words, slippage is allowed between the two half spaces. Sezawa and Kanai
(1940), Kanai (1961) and Murty (1975, 1976) proposed a boundary condition which does
allow such slippage to occur, and has the advantage of being linear; it is
best described as the result of the following limiting process.

Suppose the two half spaces are actually coupled through a viscous layer
of thickness H and‘viscosity n. The geometry is described on Figure 2., Assuming
a plane Couette flow in the viscous layer, the shear traction is related to the

jump in tangential velocity by

[+ -n&.n

A + : - pe
rz az “ (ur(r,() ,t) e ur(r,O ,t)) (0 __<_ n _E ) (1_1)

We now allow the thickness H and the viscosity n to go to zero, but require that

their ratio remain constant. For convenience in the subsequent analyses, we

define

l= 2t <o <1 (1-2)




¢ is a dimensionless bonding parameter. In this 1limit, the boundary condition

becomes

i Y
g .. " i-¢ B [’ ur(r,O,t) l]_ 1-3

+
where ﬂég] is the jump of tangential velocity across the interface:

ﬂ(xr(r,o,t)n Y- i (r0T0) - b (r,070)
When ¢ = 0, the tangential r,ction vanishes and the interface is perfectly
lubricated; when ¢ = 1, no relative motion between the two half spaces is
allowed and the interface is perfectly bonded.
The main advantage of the boundary conditions (1-3) is its linearity,
which greatly simplifies wave propagation problems. Imperfectly bonded inter-
faces have been modelled using nonlinear boundary conditions (e.g.,

Chez et al. (1978) and Miller (1979)), but the difficulties are such

that only plane waves have apparently been considered.

24 Analysis of the Problem

The wave propagation problem is amenable to a Cagniard-de Hoop treatment,




and simple closed form solutions may be found in the first motion approximation.

We consider the potential decomposition (e.g., Cagntard, 1962)

-2 _3Y
e ar

z
2-1)
d ) ]
u, = 5;'* =ee (r¥)
and the solutions of the form
O, = et x
1i=1,2 (2-2)
TR et
where, for £ > 0, the source medium,
[
x, = val -t 3 (xr) X4k 4 1o (K)J (kr)e Vot
1 o vn 1 o dk
(2-3)
e g
y1 = [ 8 3, Jo(kr) e VB%ak i
1
and, for z < 0: i v
i H
X, = Qz(k) J (kr) e dk !
(2-4) ﬂ
y = fsz(k) Jo(kr) e VB% ax |

o
1/2 2(1/2
Here vy [kz + .E.z] » Vg = E(z + ;1-] ’

and a, B are the P and S-wave velocities respectively.

The unknown coefficients, {Q;(k), Sy(k); 1 = 1,2} are to be determined by

use of the boundary conditions. Continuity of tractions, normal displacement,




slip condition (1-3) lead to the following system of simultaneous equatioms.

T I -K? Q
~-a a =2uv k2 -2 kz
8 Wvg Q,
Zuvc Zuvu a -a Sl
b -b c c S2
1
a /vy
= m
2u (2-5)
Zu[u(l—O) -2 0]
Bva
where
as= Zuk2 + 032
- - s
b = 2u [(1 .)"u + 8 f] (2-6)
c = a(1-9) + _21'%18_ i
m = ke_v“h

The determinant in (2-5) is given by
A(k) = 4Pvy 82 D(K)

2uP
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